All expression data files are available from the GEO database (accession number GSE68054).

Introduction {#sec005}
============

Necrotizing enterocolitis (NEC) and spontaneous intestinal perforation (SIP) are the most frequently encountered surgical emergencies, and major causes of morbidity and mortality in preterm infants \[[@pone.0135737.ref001],[@pone.0135737.ref002]\]. Despite sharing some common features in clinical presentation, there are major differences between the two conditions, including predisposing factors, radiologic findings, prognosis and natural history of the diseases \[[@pone.0135737.ref003]\]. The pathophysiology of NEC and SIP has not been fully elucidated, and current knowledge suggests interaction of multiple mechanisms. In a recent study, we reported messenger ribonucleic acid (mRNA) expression profiles of NEC and SIP infants at the tissue level \[[@pone.0135737.ref004]\]. In NEC tissues, we demonstrated significant dysregulation of 52 target mRNAs categorized under functional pathways of angiogenesis, arginine metabolism, cell adhesion and chemotaxis, extracellular matrix (ECM) remodeling, hypoxia and oxidative stress, inflammation and muscle contraction. These genes could be networked downstream of key receptors: *TLR2*, *TLR4 and TREM1*, and mediated *via* NFκB, AP-1 and *HIF1A* transcription factor pathways, indicating predominant microbial and inflammatory involvement. In contrast, SIP tissues exhibited much milder and less diversified expressional changes with target genes significantly associated with G-protein-mediated muscle contraction and ECM remodeling. Facilitated with the mRNA expression algorithm, we pursue to comprehensively investigate the molecular networks of dysregulation that could be subjected to microribonucleic acid (miRNA) control.

miRNAs are non-coding RNAs of 18--24 nucleotides. They exhibit negative regulation by pairing with complementary sequences in target mRNAs and interfering with their stability and translation \[[@pone.0135737.ref005],[@pone.0135737.ref006]\]. miRNAs are synthesized as primary transcripts (pri-miRNAs) and activated *via* two steps of cleavage by specific RNase III enzymes and binding to an argonaute protein \[[@pone.0135737.ref007]\]. The mature and active miRNA-protein complex will then trigger degradation or block translation of targeted mRNAs. miRNA expressions are known to be tightly regulated in a temporal and tissue-specific manner. To date, over 2,500 mature miRNAs have been reported in humans \[[@pone.0135737.ref008]\]. Some miRNAs, either acting on self or target cells, are associated with acute and chronic human diseases, including cancer, inflammation, chronic viral infection and acute organ injury \[[@pone.0135737.ref007],[@pone.0135737.ref009]--[@pone.0135737.ref012]\]. Aberrant expressions of miRNAs have been reported in ileal and colonic mucosa of inflammatory bowel diseases (IBD) \[[@pone.0135737.ref013]--[@pone.0135737.ref015]\] and could potentially be used as gut-specific biomarkers for diagnosing and predicting the severity of mucosal injury in these conditions \[[@pone.0135737.ref016]--[@pone.0135737.ref019]\].

The objectives of the current study were: *(i)* to provide expression profiles of miRNAs in NEC and SIP small bowel tissues, and compared with those of surgical control (Surg-CTL) infants; *(ii)* to validate dysregulated target miRNAs by quantitative polymerase chain reaction (qPCR) assay; and *(iii)* to identify potential association of miRNAs with dysregulated mRNAs using bioinformatics algorithms and correlation analysis of target miRNA/mRNA pairs in same tissue specimens, so as to reveal possible mechanisms of miRNAs in the disease pathophysiology. To our knowledge, the miRNA profile or its regulatory mechanism has not been reported in NEC or SIP at the tissue or blood level in preterm infants. As miRNAs are emerging as a new class of blood-based biomarkers and therapeutic targets, \[[@pone.0135737.ref013],[@pone.0135737.ref020]\] our findings could provide crucial information concerning their functional roles in NEC and SIP, which could further shed light on their clinical applications.

Materials and Methods {#sec006}
=====================

Patients and Sample Collection {#sec007}
------------------------------

In this case control study, small bowel specimens from 3 categories of infants were collected: *(i)* NEC, *(ii)* SIP and *(iii)* surgical control (Surg-CTL) cases. Infants with stage III NEC (n = 10) and SIP (n = 10) who underwent surgery were recruited at the Prince of Wales Hospital, The Chinese University of Hong Kong \[[@pone.0135737.ref004]\]. In brief, intestinal specimens were collected at the time of surgery and all NEC and SIP cases were proven by histology. For each NEC specimen, a sample of inflamed but non-necrotic tissue was dissected from an area 3--5mm from the margin of the resected bowel. SIP is defined as an isolated perforation of the small bowel, common in the ileum and with no obvious macroscopic inflammation in the adjacent site or the rest of the bowel. The perforation was either resected with primary anastomosis (n = 1) or with construction of a temporary ileostomy (n = 9). Similar to NEC cases, intestinal tissues were collected from the margin of the perforation site of SIP infants. Surg-CTL tissues were obtained from infants who underwent intestinal surgery (n = 10) because of: *(i)* congenital small bowel atresia (n = 7), *(ii)* intestinal obstruction \[ileal stenosis (n = 1) and meconium ileus (n = 1)\], and *(iii)* elective closure of ileostomy with tissue specimens collected at the functional end of the small bowel (n = 1). All Surg-CTL infants had primarily non-inflammatory intestinal conditions. The demographic information of the 3 groups of infants is described in [Table 1](#pone.0135737.t001){ref-type="table"}.

10.1371/journal.pone.0135737.t001

###### Clinical Characteristics of NEC, SIP and Surg-CTL Infants.

![](pone.0135737.t001){#pone.0135737.t001g}

  Infants                                              NEC                 SIP                 Surg-CTL            NEC vs Surg-CTL, *P*                         SIP vs Surg-CTL, *P*   NEC vs SIP, *P*
  ---------------------------------------------------- ------------------- ------------------- ------------------- -------------------------------------------- ---------------------- --------------------------------------------
  No. of infants                                       10                  10                  10                  \-                                           \-                     \-
  Sex, female                                          5 (50%)             2 (20%)             5 (50%)             1.000                                        0.350                  0.350
  Gestational age, wk                                  28.9 (26.3--34.7)   26.5 (24.1--29.0)   34.1 (32.3--37.9)   0.082                                        **0.007**              0.104
  Birthweight, g                                       1080 (821--2090)    884 (695--1403)     2113 (1813--2773)   0.070                                        **0.013**              0.364
  Apgar scores:                                                                                                                                                                        
   1 min                                               7 (4--8)            5 (4--6)            8 (7--9)            0.129                                        **0.002**              0.194
   5 min                                               8 (7--10)           7 (6--8)            9 (9--9)            0.086                                        **0.002**              0.535
  Infants received enteral feeding before surgery, n   10 (100%)           4 (40%)             5 (50%)             0.033[\#](#t001fn002){ref-type="table-fn"}   1.000                  **0.011**
  Age commenced on feeding, d                          3 (1--4)            11 (9--22)          10 (2--16)          0.267                                        0.177                  **0.003**
  Age of full enteral feeding, d                       31 (18--89)         35 (30--82)         35 (13--77)         0.825                                        0.401                  0.507
  Postnatal age at the onset of illness, d             29 (15--45)         9 (2--12)           3 (1--78)           0.129                                        0.340                  **0.006**
  Drug administrated before surgery:                                                                                                                                                   
  Indomethacin or ibuprofen                            4 (40%)             6 (60%)             0 (0%)              0.087                                        **0.011**              0.656
  Systemic corticosteroids                             1 (10%)             1 (10%)             0 (0%)              1.000                                        1.000                  1.000
  Antibiotics                                          10 (100%)           10 (100%)           6 (60%)             0.087                                        0.087                  1.000
  Duration of hospitalization, d                       205 (134--251)      127 (88--157)       91 (30--182)        **0.014**                                    0.450                  0.028[\#](#t001fn002){ref-type="table-fn"}
  Duration of disease onset to surgery, hr             48 (29--64)         7 (5--10)           23 (13--35)         0.061                                        **0.002**              **\<0.001**
  Length of bowel resection, cm                        35 (23.0--40.5)     4.5 (2.4--10.1)     4.8 (3.4--18.4)     **0.002**                                    0.404                  **\<0.001**
  No. died                                             3                   1                   1                   0.582                                        1.000                  0.582

Results are expressed as number (%) or median (interquartile range). Standard antibiotic regimens in our neonatal unit for treatment of NEC and SIP, included: (i) vancomycin, aminoglycoside or 3rd generation cephalosporin and metronidazole, or (ii) vancomycin and meropenem, depending on the severity of intra-abdominal pathology and microbial culture/sensitivity. Bold values indicate statistical significance (*P*\<0.016) after the Bonferroni correction.

^***\#***^ Comparison not significant after the Bonferroni correction.

Ethical Consideration {#sec008}
---------------------

Written parental consent was obtained for all cases and this study has been approved by the Joint Chinese University of Hong Kong and New Territories East Cluster Clinical Research Ethics Committee.

Tissue Preparation, miRNA Analysis and Validation of Expression by qPCR {#sec009}
-----------------------------------------------------------------------

Collected specimens were immediately rinsed with cold diethyl pyrocarbonate-treated phosphate-buffered saline, snap-frozen in liquid nitrogen and stored at -80°C. All specimens were processed and analyzed independently. RNA was extracted using TRIZOL reagent (Life Technologies, Gaithersburg, MD) and miRNeasy kit (QIAGEN, GmbH, Hilden, Germany). The total RNA concentration was measured using a Nanodrop ND-1000 Spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE).

For microarray analysis, 400ng of RNA from each specimen was labelled with the FlashTag Biotin RNA Labelling Kit and hybridized to GeneChip miRNA array covering 1,733 human mature miRNAs (Affymetrix, Santa Clara, CA). Genechips were then washed and stained using the FS450 Fluidic Station (Affymetrix). The fluorescent signal intensity of stained chips was captured by the GeneChip Scanner 3000 7G System (Affymetrix). Data were analyzed using the Partek Genomics Suite v6.5 software (Partek, St. Louis, MO). Probeset signals were normalized with the Robust Multi-array Average method and log~2~-transformation. miRNA profiles for NEC (n = 4), SIP (n = 4) and Surg-CTL (n = 4) tissues were generated and compared among the three groups *i*.*e*., NEC *vs*. Surg-CTL, SIP *vs*. Surg-CTL, and NEC *vs*. SIP. Experimental details have been submitted to Gene Expression Omnibus (GEO) under the series accession number GSE68054. Selection of miRNAs for subsequent validation by qPCR was achieved using the following criteria: *(i)* ≥2-fold with significant difference (*P*\<0.05) between NEC or SIP and Surg-CTL, *(ii)* potential target genes being within the list of 52 dysregulated genes reported in NEC or SIP tissues,\[[@pone.0135737.ref004]\] and/or *(iii)* reported association with the gastrointestinal (GI) tract, IBD or inflammatory responses. The potential miRNA/mRNA pairs were identified by multiple target prediction algorithms based on sequence matching and functional reports.

qPCR analysis was performed on NEC (n = 10), SIP (n = 10) and Surg-CTL (n = 10) tissues, inclusive of those collected at the earlier time frame or microarray analysis (n = 4 for each group). cDNA was prepared from 10ng of total RNA from each specimen using the TaqMan MicroRNA Reverse Transcription Kit and TaqMan MicroRNA Assay containing pre-designed primers for selected miRNAs ([S1 Table](#pone.0135737.s002){ref-type="supplementary-material"}). qPCR reactions were performed in duplicate with cDNA (2μL), 2xTaqMan Universal PCR Master Mix (10μL), and specific primers and probes (final volume 20μL). Amplification was performed for 40 cycles with denaturation at 95°C for 15sec, and annealing extension at 60°C for 1min. The emission intensity was detected by the ABI 7300 Real-Time PCR System (Life Technologies). U6 snRNA was used as the reference gene for normalization, as indicated by the optimization and selection data ([S1 Fig](#pone.0135737.s001){ref-type="supplementary-material"}).

Target mRNA Prediction and Correlation of Dysregulated miRNA and mRNA Pairs {#sec010}
---------------------------------------------------------------------------

Putative mRNA targets of dysregulated miRNAs were searched amongst the 52 significantly changed mRNAs identified in our previous study of NEC and SIP tissues using 5 databases: target sequence prediction DIANA-microT web server v5.0, \[[@pone.0135737.ref021]\] Tarbase 6.0, \[[@pone.0135737.ref022]\] MicroCosm (<http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/>), TargetScan 6.2 \[[@pone.0135737.ref023]\] and network analysis software Metacore Analysis Suite (GeneGo-Thomson Reuters, St. Joseph, MI). The correlation coefficient on levels (qPCR) of specific miRNAs and their predicted target mRNAs in same tissue samples of NEC or SIP were assessed (n = 10).

Construction of Interactive Networks on Dysregulated miRNAs and mRNAs {#sec011}
---------------------------------------------------------------------

Selection of miRNA and sequence-matched mRNA pairs for network analysis was based on two criteria: *(i)* miRNA and mRNA \[[@pone.0135737.ref004]\] were dysregulated at opposite directions (*i*.*e*., significantly increased miRNA and decreased mRNA, or *vice versa*) with reference to their respective Surg-CTLs, and/or *(ii)* a significant inverse correlation between levels of miRNA and target mRNA in same tissue specimens. The association of these target miRNAs in the functional pathways of dysregulated mRNAs was illustrated in a network diagram generated by the MetaCore software.

Statistical Analysis {#sec012}
--------------------

The demographic and clinical characteristics of NEC, SIP and Surg-CTL infants were compared using the Fisher's exact test and Mann-Whitney *U* test, where appropriate. Expression levels of target miRNAs between NEC *vs*. Surg-CTL, SIP *vs*. Surg-CTL or NEC *vs*. SIP, were compared using the Mann-Whitney *U* test. The Bonferroni correction was applied for multiple group comparisons and a *P* value of \<0.0167 was considered as statistically significant. The correlation between the levels of specific miRNAs with corresponding dysregulated mRNAs in same specimens was computed using the Spearman's correlation test. Results are expressed as median and interquartile range, or as mean fold change. All analyses were performed using SPSS (Version 21, Chicago, IL).

Results {#sec013}
=======

Clinical Characteristics of Study Infants {#sec014}
-----------------------------------------

The clinical characteristics of NEC, SIP and Surg-CTL infants are summarized in [Table 1](#pone.0135737.t001){ref-type="table"}. As expected, infants with NEC were significantly different from SIP with regard to their postnatal age at the onset of illness, parameters related to commencement of enteral feeding, duration of disease onset to surgery and length of bowel resection. Also, NEC infants had longer duration of hospitalization and length of bowel resection, compared with Surg-CTL infants. Due to different nature of the conditions, SIP infants exhibited different clinical demographics, use of non-steroidal anti-inflammatory drugs (*i*.*e*., indomethacin or ibuprofen), and duration of disease onset to surgery, compared with Surg-CTL infants. One Surg-CTL patient died from VATER Syndrome, which was independent of gut abnormality.

miRNA Microarray Profiles in Small Bowel Tissues of NEC, SIP and Surg-CTL {#sec015}
-------------------------------------------------------------------------

Analysis of NEC, SIP and Surg-CTL miRNA profiles revealed tight clustering of gene expression datasets within each groups, with distinct separation amongst NEC, SIP and Surg-CTL ([Fig 1](#pone.0135737.g001){ref-type="fig"}). NEC demonstrated significant up- and down-regulation of 80 miRNAs (2.01--33.22 fold) and 27 miRNAs (0.003--0.047 fold) compared with Surg-CTL, respectively. In addition, 73 (2.00--7.57 fold) and 18 (0.12--0.50 fold) miRNAs were significantly up- and down-regulated in SIP *vs*. Surg-CTL. The comparison of microarray data on selected miRNAs from NEC, SIP and Surg-CTL tissues is described in [S2 Table](#pone.0135737.s003){ref-type="supplementary-material"}.

![Principal component analysis of miRNA expression profiles in NEC, SIP and Surg-CTL small bowel tissues.\
miRNA expression profiles of NEC (n = 4), SIP (n = 4) and Surg-CTL (n = 4) tissues were analyzed by principal component analysis using the Partek Genomics Suite. The ellipsoids represent 95% confidence intervals of NEC (red), SIP (blue) and Surg-CTL (green) clusters. Each dot represents an experiment dataset. The axes correspond to principal component 1 (PC1; x-axis), PC2 (y-axis) and PC3 (z-axis).](pone.0135737.g001){#pone.0135737.g001}

Validation of Differentially Expressed miRNAs in NEC and SIP by qPCR {#sec016}
--------------------------------------------------------------------

Of 28 selected differentially expressed miRNAs, 21 were validated by qPCR as statistically different between NEC (n = 10) or SIP (n = 10) and Surg-CTL (n = 10), or between NEC and SIP tissues (*P*\<0.0167; [Table 2](#pone.0135737.t002){ref-type="table"}). Validated miRNAs could be classified into 3 categories: *NEC-associated miRNAs*: 10 miRNAs *i*.*e*., miR-223, miR-451, miR-1290, miR-4725-3p, miR-431, miR-4793-3p, miR-21-3p, miR-132, miR-146b-3p and miR-410 were significantly increased in NEC compared with Surg-CTL tissues (3.36--25.16 fold), whereas 9 miRNAs: miR-375, miR-203, miR-200b-5p, miR-194-3p, miR-200a, miR-215, miR-31, miR-192-3p and miR-141 were significantly decreased in NEC tissues (0.07--0.31 fold). Levels of 15 miRNAs: miR-223, miR-1290, miR-4725-3p, miR-4793-3p, miR-410, miR-187, miR-375, miR-203, miR-200b-5p, miR-194-3p, miR-200a, miR-215, miR-31, miR-192-3p and miR-141 were significantly different between NEC and SIP tissues (0.12--59.05 fold; [Table 2](#pone.0135737.t002){ref-type="table"}).*SIP-associated miRNAs*: 5 miRNAs *i*.*e*., miR-223, miR-451, miR-431, miR-132 and miR-429 were significantly increased in SIP compared with Surg-CTL tissues (1.80--8.02 fold). Except miR-429, these miRNAs were also increased in NEC (4.88--25.16 fold; [Table 2](#pone.0135737.t002){ref-type="table"}).*miRNAs not different among tissue groups*: 7 miRNAs *i*.*e*., miR-1231, miR-1, miR-602, miR-4440, miR-133b, miR-23b-5p and miR-490 were expressed in tissues of NEC, SIP and Surg-CTL. Yet, no significant differential levels were demonstrated among tissue groups ([Table 2](#pone.0135737.t002){ref-type="table"}).

10.1371/journal.pone.0135737.t002

###### Differentially Expressed miRNAs in Small Bowel Tissues from Infants with NEC (n = 10), SIP (n = 10) and Surg-CTL (n = 10) by qPCR Assay.

![](pone.0135737.t002){#pone.0135737.t002g}

                [NEC vs Surg-CTL]{.ul}   [SIP vs Surg-CTL]{.ul}                           [NEC vs SIP]{.ul}                                                            
  ------------- ------------------------ ------------------------------------------------ ------------------- ------------------------------------------------ ------- ------------------------------------------------
  miR-223       25.16                    **0.000**                                        3.23                **0.002**                                        7.78    **0.001**
  miR-451       22.77                    **0.003**                                        8.02                **0.013**                                        2.84    0.650
  miR-1290      12.88                    **0.001**                                        0.22                0.326                                            59.05   **0.000**
  miR-4725-3p   8.85                     **0.005**                                        0.80                0.623                                            11.08   **0.003**
  miR-431       7.05                     **0.002**                                        4.15                **0.007**                                        1.70    0.450
  miR-4793-3p   6.00                     **0.007**                                        0.14                0.406                                            42.35   **0.002**
  miR-21-3p     5.17                     **0.000**                                        1.95                0.096                                            2.65    **0.017[\#](#t002fn002){ref-type="table-fn"}**
  miR-132       4.88                     **0.001**                                        3.74                **0.010**                                        1.31    0.326
  miR-146b-3p   4.12                     **0.001**                                        1.84                0.059                                            2.24    **0.049[\#](#t002fn002){ref-type="table-fn"}**
  miR-410       3.36                     **0.003**                                        1.20                0.545                                            2.79    **0.013**
  miR-429       1.56                     **0.174**                                        1.80                **0.013**                                        0.86    0.450
  miR-187       1.05                     **0.545**                                        0.39                **0.028[\#](#t002fn002){ref-type="table-fn"}**   2.71    **0.007**
  miR-375       0.31                     **0.002**                                        1.06                0.762                                            0.30    **0.003**
  miR-203       0.31                     **0.004**                                        1.30                0.940                                            0.24    **0.005**
  miR-200b-5p   0.29                     **0.003**                                        1.00                0.791                                            0.29    **0.003**
  miR-194-3p    0.28                     **0.002**                                        1.12                0.597                                            0.25    **0.004**
  miR-200a      0.20                     **0.002**                                        0.78                0.290                                            0.25    **0.003**
  miR-215       0.13                     **0.001**                                        0.72                0.762                                            0.18    **0.002**
  miR-31        0.12                     **0.001**                                        0.52                **0.041[\#](#t002fn002){ref-type="table-fn"}**   0.23    **0.002**
  miR-192-3p    0.11                     **0.001**                                        0.81                0.290                                            0.14    **0.001**
  miR-141       0.07                     **0.001**                                        0.64                0.112                                            0.12    **0.001**
  miR-1231      3.67                     **0.049[\#](#t002fn002){ref-type="table-fn"}**   0.82                0.880                                            4.50    **0.028[\#](#t002fn002){ref-type="table-fn"}**
  miR-1         2.08                     0.406                                            0.64                0.290                                            3.25    0.070
  miR-602       1.94                     0.364                                            2.08                0.326                                            0.93    0.496
  miR-4440      1.90                     0.070                                            1.37                0.227                                            1.39    0.706
  miR-133b      1.88                     0.597                                            0.64                0.364                                            2.92    0.070
  miR-23b-5p    1.65                     0.112                                            0.64                0.257                                            2.58    **0.023[\#](#t002fn002){ref-type="table-fn"}**
  miR-490       1.21                     0.345                                            1.34                0.112                                            0.90    0.059

Bold values indicate statistical significance *(P* \< 0.0167).

^***\#***^ Comparison not significant after Bonferroni correction.

A literature research on selected miRNAs, their potential target genes and relevant functions is summarized in [S3 Table](#pone.0135737.s004){ref-type="supplementary-material"}.

Predicted Association of Dysregulated miRNAs and Target mRNAs {#sec017}
-------------------------------------------------------------

Bioinformatics analysis was performed for mapping putative mRNA targets by base-pair sequence and functional association between significantly altered miRNAs and 52 dysregulated mRNAs in NEC and SIP tissues reported in our previous study \[[@pone.0135737.ref004]\]. The matched miRNA/mRNA pairs are listed in [S4 Table](#pone.0135737.s005){ref-type="supplementary-material"}. Our results showed that 35 miRNA/mRNA pairs (49%) in NEC were dysregulated in opposite directions with respect to Surg-CTL (*i*.*e*., increased miRNA and decreased mRNA or vice versa), whereas 37 pairs (51%) were changed in the same direction (*i*.*e*., both miRNA and mRNA were increased or decreased). In SIP, 3 pairs (75%) of miRNA/mRNA were dysregulated in an opposite direction, whereas one pair (25%) was changed in the same direction.

Based on qPCR levels of miRNAs and respective target mRNAs in same disease specimens, we investigated their correlation in NEC or SIP tissues. Our results showed that levels of miRNA/mRNA pairs: miR-451/*TLR4*, miR-4793-3p/*TLR4*, miR-132/*HBEGF*, miR-1290/*THBS1*, miR-132/*CD44*, miR-223/*ICAM1*, miR-132/*MMP9*, miR-146-3p/*GNA11* and miR-146-3p/*MYLK* were significantly correlated in an inverse manner in NEC tissues, whereas miR-410/*FLT-1* was directly correlated ([Fig 2](#pone.0135737.g002){ref-type="fig"}). In SIP tissues, miR-451/*GNA11* was inversely correlated.

![Correlation of dysregulated miRNAs with potential target mRNAs in NEC and SIP tissues.\
The linear regression coefficient (*r*) of qPCR levels of miRNAs and respective target mRNAs in NEC (n = 10) or SIP (n = 10) tissues were analyzed using the Spearman's correlation test.](pone.0135737.g002){#pone.0135737.g002}

Regulatory Molecular Networks in NEC and SIP {#sec018}
--------------------------------------------

The proposed network in NEC indicated miRNA involvement directed at multiple levels, including upstream receptor: *TLR4* (miR-31, miR-203, miR-451, miR-4793-3p), mediated *via* transcription factors: *NFKB2* (miR-203), AP-1*/FOSL1* (miR-194-3p), *FOXA1* (miR-21-3p, miR-431, miR-1290) and *HIF1A* (miR-31), as well as downstream functional regulators of: angiogenesis (miR-31, miR-132, miR-141, miR-200a, miR-200b-5p, miR-203, miR-215, miR-375, miR-1290, miR-4725-3p), arginine metabolism (miR-146b-3p, miR-451), cell adhesion and chemotaxis (miR-132, miR-200a, miR-223), ECM remodeling (miR-132, miR-141, miR-194-3p, miR-200a,), hypoxia and oxidative stress (miR-31, miR-200b-5p, miR-203), inflammation (miR-200a, miR-203, miR-215) and muscle contraction (miR-146-3p, miR-451) ([Fig 3](#pone.0135737.g003){ref-type="fig"}).

![Pathway traced network of miRNA/mRNA pairs in NEC.\
A functional network on the association of selected miRNAs and potential target mRNAs was generated by the MetaCore software and sequence-based prediction. These miRNA/mRNA pairs were regulated at opposite directions and/or exhibited significant correlation in same samples. qPCR-validated expression changes of miRNAs or mRNAs are shown as red and blue color circles, representing up- and down-regulation. Green, red and grey arrows between target genes represent positive, negative and unspecified interactions, respectively. Big arrows between miRNA/mRNA pairs indicate experimentally proven relationships. Transcription factors and functional categories, including angiogenesis, arginine metabolism, cell adhesion, chemotaxis and inflammation, ECM remodeling, hypoxia/oxidative stress, and muscle contraction are highlighted in different colors. miRNAs which exhibited significant inverse correlation with specific mRNAs are underlined.](pone.0135737.g003){#pone.0135737.g003}

In SIP tissues, miR-223 and miR-451 were up-regulated and their potential target genes *KCNMA1*, *GNA11*, *MYOM1* were down-regulated compared with Surg-CTL tissues ([Table 3](#pone.0135737.t003){ref-type="table"}). Expressions of miR-451 and *GNA11* were also significantly and inversely correlated. A molecular network of miRNA/mRNA regulation associated with G-protein-mediated muscle contraction is shown in [Fig 4](#pone.0135737.g004){ref-type="fig"}.

10.1371/journal.pone.0135737.t003

###### miRNA and mRNA Targets in Regulatory Networks of NEC and SIP.

![](pone.0135737.t003){#pone.0135737.t003g}

  Predicted mRNA targets                                   miRNAs
  -------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------
  [**NEC**]{.ul}                                           
  [Receptors]{.ul}                                         
  *TLR4* (↑)                                               miR-451 (↑)[\*](#t003fn002){ref-type="table-fn"}, miR-4793-3p (↑)[\*](#t003fn002){ref-type="table-fn"}, miR-31 (↓), miR-203 (↓)
  [Transcription Factors and Network Intermediates]{.ul}   
  *FOSL1* (↑)                                              miR-194-3p (↓)
  *FOXA1* (↓)                                              miR-21-3p (↑), miR-431(↑), miR-1290 (↑)
  *NFKB2* (↑)                                              miR-203 (↓)
  [Angiogenesis]{.ul}                                      
  *ANGPTL4* (↑)                                            miR-215 (↓)
  *FLT1* (↑)                                               miR-141 (↓), miR-200b-5p (↓)
  *HBEGF* (↑)                                              miR-132 (↑)[\*](#t003fn002){ref-type="table-fn"}, miR-31 (↓), miR-203 (↓)
  *NR1H4* (↓)                                              miR-4725-3p (↑)
  *THBS1* (↑)                                              miR-1290 (↑)[\*](#t003fn002){ref-type="table-fn"}, miR-141 (↓), miR-200a (↓), miR-375 (↓)
  [Arginine Metabolism]{.ul}                               
  *CPS1* (↓)                                               miR-146b-3p (↑)
  *OAT* (↓)                                                miR-451 (↑)
  [Cell Adhesion and Chemotaxis]{.ul}                      
  *CD44* (↑)                                               miR-132 (↑)[\*](#t003fn002){ref-type="table-fn"}
  *ICAM1* (↑)                                              miR-223 (↑), miR-200a (↓)
  [ECM Remodeling]{.ul}                                    
  *MMP9* (↑)                                               miR-132 (↑)[\*](#t003fn002){ref-type="table-fn"}, miR-194-3p (↓)
  *SERPINE1* (↑)                                           miR-141 (↓)
  *TIMP1* (↑)                                              miR-194-3p (↓), miR-200a (↓), miR-141 (↓)
  [Hypoxia and Oxidative Stress]{.ul}                      
  *HIF1A* (↑)                                              miR-31 (↓)
  *PTGS2* (↑)                                              miR-203 (↓)
  *SOD2* (↑)                                               miR-200b-5p (↓)
  [Inflammation]{.ul}                                      
  *IL8* (↑)                                                miR-200a (↓), miR-203 (↓)
  *NOD2* (↑)                                               miR-215 (↓)
  *TNF* (↑)                                                miR-203 (↓)
  [Muscle Contraction]{.ul}                                
  *GNA11* (↓)                                              miR-146b-3p (↑)[\*](#t003fn002){ref-type="table-fn"}, miR-451 (↑),
  *MYLK* (↓)                                               miR-146b-3p (↑)[\*](#t003fn002){ref-type="table-fn"}
  [**SIP**]{.ul}                                           
  [Muscle Contraction]{.ul}                                
  *KCNMA1* (↓)                                             miR-223 (↑)
  *GNA11* (↓)                                              miR-451 (↑)[\*](#t003fn002){ref-type="table-fn"}
  *MYOM1* (↓)                                              miR-451 (↑)

qPCR-confirmed significant over-expression (↑) and under-expression (↓) in NEC or SIP tissues compared with Surg-CTL tissues.

\*Significant inverse correlation (*P*\<0.05) of miRNA/mRNA pairs in same NEC or SIP specimens.

![Interacting network of miRNA/mRNA pairs in SIP.\
A molecular network of miRNA/mRNA regulation associated with G-protein-mediated muscle contraction is illustrated in the diagram. Interactions between genes are indicated as binding (B), group relationship (GR), miRNA binding (M), phosphorylation (+P), transformation (T) and transcriptional regulation (TR). Expression changes are shown as red and blue color circles, representing up- and down-regulation. Green, red and grey arrows between target genes represent positive, negative and unspecified interactions, respectively. Big arrows between miRNA/mRNA pairs indicate experimentally proven relationships.](pone.0135737.g004){#pone.0135737.g004}

Discussion {#sec019}
==========

To date, very limited information has been reported on the role of the miRNA mechanism in preterm infants, of whom the innate immunologic response is known to be immature and compromised. As far as we are aware, this is the first study reporting profiles of miRNA expression in NEC and SIP infants at the tissue level, and their possible roles in affecting downstream circuits of gene expression and regulatory pathways. The strength of this study is that we have access to our own established miRNA and mRNA microarray databases, and qPCR-validated levels of miRNAs and putative target mRNAs from the same NEC, SIP and Surg-CTL specimens, in addition to web-based bioinformatics algorithms. The collective information allowed us to focus the network criteria on miRNA/mRNA pairs with quantitative evidence and functional relevance. In NEC tissues, we identified target miRNAs which could potentially act on the key receptor *TLR4*, transcription factors NFκB/*NFKB2*, AP-1*/FOXA1*, *HIF1A* and downstream effector genes in functional networks of angiogenesis, arginine metabolism, cell adhesion/chemotaxis, ECM remodeling, hypoxia/oxidative stress inflammation and muscle contraction, whereas dysregulated miRNAs in SIP tissues were mainly directed towards mRNAs associated with G-protein mediated muscle contraction. The limited change of miRNAs in SIP tissues and minimal overlapping between aberrant miRNA expressions in NEC and SIP further supported that the two conditions are distinct diseases that exhibited different molecular mechanisms and pathophysiology \[[@pone.0135737.ref004]\].

Our findings suggested that specific miRNAs could exert influence on NEC tissues in an organized manner, directed at bacterial receptor *TLR4* and extended to involve multiple downstream pathways of key functional genes. These results indicated the important roles of miRNAs in modulating the inflammatory response, which is likely mediated by etiologic factors such as bacterial invasion and hypoxia/oxidative stress. When miRNAs such as miR-31 and miR-203 were down-regulated in NEC tissues, they could potentiate the upsurge of proinflammatory signals mediated by *TLR4*, key transcription factor *NFκB*, hypoxia/oxidative regulators *HIF1A* and *PTGS2*, inflammatory cytokines and chemokines *TNF* and *IL8*, as well as angiogenic factor *HBEGF*, resulting in extensive mucosal injury ([Fig 3](#pone.0135737.g003){ref-type="fig"}). Interestingly, we identified miRNAs that could exhibit multiple interacting points at the upstream receptor and transcription factors as well as downstream effector genes *e*.*g*., miR-31 (*TLR4*, *HIF1A*, *HBEGF*), miR-194-3p (AP-1*/FOSL1*, *MMP9*, *TIMP1*), miR-203 (*TLR4*, *NFKB2*, *HBEGF*, *IL8*, *TNF*, *PTGS2*), miR-1290 (*FOXA1*, *THBS1*) and miR-200b-5p (*SOD2*, *FLT1*). Other miRNAs could be more specific, directing at single genes *e*.*g*., miR-4793-3p (*TLR4*), miR-431 (*FOXA1*) and miR-375 (*THBS1*). We speculate that these observations reflected a concerted miRNA response in the neonatal gut that could encompass efficiency of a single miRNA acting at multiple levels of the regulatory cascade, as well as fine-tuning the mechanism by directing a specific miRNA at one target mRNA. In addition, we observed that some miRNA/mRNA pairs were dysregulated at same directions *i*.*e*., both miRNA and mRNA were significantly increased or decreased with respect to Surg-CTL tissues. Yet, their levels were inversely correlated within same NEC samples such as miR-451/*TLR4* (receptor), miR-4793-3p/*TLR4* (receptor), miR-132/*HBEGF* (angiogenesis), miR-1290/*THBS1* (angiogenesis), miR-132/*CD44* (adhesion/chemotaxis) and miR-132/*MMP9* (ECM remodeling). This apparently paradoxical phenomenon suggested that these miRNAs might have exerted inhibitory effects on their target mRNAs at various points of the inflammatory cascade, but their magnitudes were insufficient to reverse or nullify the overall mRNA response in the pathologic process.

Some dysregulated miRNAs such as miR-1290, miR-146b-3p, miR-31, miR-375 and miR-200a have established GI functions ([S3 Table](#pone.0135737.s004){ref-type="supplementary-material"}). Alternatively, miRNAs can be secreted from infiltrating leukocytes into the microenvironment of matrix, neighboring gut endothelium and muscle cells, as well as into the circulation. Thus, they could act as efficient mediators to provide organized responses across cell barriers. This mechanism would likely be prominent in NEC tissues where inflammatory neutrophils and macrophages are in abundance. For example, miR-203 could target *myd88* in macrophages against LPS or bacterial infection \[[@pone.0135737.ref024]\]. miR-451 targeting *CPNE3* and *RAB5A*, \[[@pone.0135737.ref025]\] and miR-141 targeting *CXCL12B* \[[@pone.0135737.ref026]\] have known functions on leukocyte chemotaxis and migration \[[@pone.0135737.ref026]\]. In the current study, miR-451 was inversely correlated with *TLR4*, and could also regulate arginine hemostasis (*OAT*) and G-protein mediated muscle contraction (*GNA11*). miR-141 could potentially activate angiogenesis (*FLT1*, *THBS1*) and ECM remodeling (*TIMP1*, *SERPINE1*) by reducing the inhibitory effect on target mRNAs. Our results also revealed a group of dysregulated miRNAs, including miR-1290, miR-431, and miR-200a that might interfere with cell proliferation and differentiation ([S3 Table](#pone.0135737.s004){ref-type="supplementary-material"}), indicating responses that could lead to tissue injury and attempted repair. Overall, specific miRNAs could dictate important functional pathways in the pathophysiology of NEC by interfering with the inflammatory cascade and gut functions, in response to bacterial invasion and hypoxia/oxidative stress.

In SIP tissues, the regulation of miRNA/mRNA pairs, including miR-223/*KCNMA1*, miR-451/*GNA11* and miR-451/*MYOM1* indicated involvement of these miRNAs in dysregulating the muscle contraction pathway, a major pathologic mechanism associated with SIP \[[@pone.0135737.ref004]\]. Our network analysis demonstrated that the increased expression of miR-223 and miR-451 could lead to upstream inhibition of G-protein *GNA11*, and in turn down-regulation of the ion channel regulator *KCNMA1* and muscle contractile gene *MYOM1 via* a tyrosine-protein kinase *SRC* and NF-κB signaling ([Fig 3](#pone.0135737.g003){ref-type="fig"}). miR-223 and miR-451 have known functions on proliferation and differentiation of vascular and skeleton muscles, \[[@pone.0135737.ref027],[@pone.0135737.ref028]\] but their novel involvement in neonatal gut muscle physiology and SIP pathophysiology has not been reported previously. Our findings correspond to the hypothesis that muscular defects leading to impaired bowel integrity being an underlying etiology of SIP. In addition, histopathologic analysis revealed absence or thinning of the muscularis propria in 30% of SIP patients which further supports our molecular findings \[[@pone.0135737.ref029],[@pone.0135737.ref030]\].

The present knowledge on the expressional pattern and the role of miRNAs in both non-inflammatory neonatal and diseased bowel tissues is very limited. Thus far, miRNA microarray studies have been reported in adult IBD tissues, but candidate miRNAs identified by different reports were diversified and could be due to tissue variation or employment of different analytical platforms for measurement \[[@pone.0135737.ref010],[@pone.0135737.ref013],[@pone.0135737.ref016],[@pone.0135737.ref018]\]. Although many IBD-associated miRNAs did not appear to be dysregulated in preterm NEC tissues, several miRNAs, including miR-223, miR-132, miR-146b-3p, miR-215, miR-375, miR-31 and miR-141, were regulated in both IBD and NEC. More importantly, other dysregulated miRNAs observed in our study, such as miR-451, miR-1290, miR-4725-3p, miR-4793-3p, miR-431 and miR-203, have not been previously reported in other inflammatory intestinal conditions. Further, the specific role of an individual miRNA might be different between adult and neonatal inflammatory diseases. miR-31, a reported target of *hif1a*, was increased in specimens obtained from patients with active ulcerative colitis \[[@pone.0135737.ref031]\] and during progression and neoplastic transformation of IBD, \[[@pone.0135737.ref032]\] but it was down-regulated in NEC tissues (0.12 fold). Our network analysis also revealed possible association of miR-146-3p with arginine metabolism (*CPS1*) and G-protein mediated muscle contraction (*GNA11*), ([Fig 3](#pone.0135737.g003){ref-type="fig"}). Huang *et al*. proposed that miR-141 targeting *CXCL12B* might contribute to the development of intestinal inflammation by recruiting inflammatory cells in mice having colitis \[[@pone.0135737.ref026]\]. In NEC tissues, we showed that down-regulation of miR-141 could activate ECM remodeling (*TIMP1*, *SERPINE1*) and angiogenesis (*FLT1*, *THBS1*). Also, miR-132 was up-regulated in inflamed IBD tissues and suggested to play an inflammation-dependent homeostatic role on cholinergic signaling \[[@pone.0135737.ref015]\]. In our study, miR-132 exhibited inverse correlation with putative targets *HBEGF*, *CD44* and *MMP9* in NEC tissues. Overall, our observation indicated important roles of specific miRNAs in inflammation and maintenance of gut integrity, but their underlying involvement in the pathophysiology of neonatal NEC and adult IBD could be different, plausibly attributed to distinct target mRNAs in different disease conditions.

There are limitations in the current study. In the stringent selection of miRNA and potential target mRNA pairs, we have excluded those which demonstrated same directional changes, and/or those with significant positive correlation within same tissues (*e*.*g*., miR-410/*FLT1*; [Fig 2](#pone.0135737.g002){ref-type="fig"} and [S4 Table](#pone.0135737.s005){ref-type="supplementary-material"}), as their involvement in the expression cascade would be difficult to interpret. It is possible that these miRNAs might have regulated their respective mRNAs indirectly through multiple intermediates of the expression cascade and novel mechanisms such as cell cycle-dependent regulatory switch \[[@pone.0135737.ref033]--[@pone.0135737.ref035]\]. Disputably, our network analysis was not extended to cover the association of target miRNAs outside the scope of the 52 validated mRNAs. Nonetheless, these mRNAs have been recognized to play key roles in the regulatory networks of NEC and SIP, and have definitive pathogenic and pathophysiologic relevance to these diseases \[[@pone.0135737.ref004]\]. Another intrinsic limitation of the study design was the difficulty in recruiting comparable gestational and postnatal age-matched control subjects. It is because no other common conditions in preterm infants would require bowel surgery during this postnatal period. To address this issue, we purposefully included Surg-CTL infants who underwent surgery for non-inflammatory conditions. Our rationale for targeting these control subjects was also supported by our previous observations that intense inflammatory responses occurred in NEC compared with SIP or Surg-CTL tissues, whereas SIP and Surg-CTL tissues exhibited minimal inflammatory response despite their differences in gestational age \[[@pone.0135737.ref004]\]. In view of the numerous and diversified target genes of a specific miRNA and its tissue- and disease-specific mechanisms, we anticipate conducting further experiments to understand the involvement of these miRNAs in NEC and SIP pathophysiology by *in vitro* cellular studies and *in vivo* animal models.

In summary, our study provides the first informational platform for identifying miRNAs and their novel roles in the neonatal gut of NEC and SIP. Dysregulation of these miRNAs could be mediated *via* microbial stimulation or hypoxic/oxidative insults, which triggered a concerted response across cell barriers leading to extensive inflammation and disruption of mucosal integrity. As specific miRNAs have been targeted for therapeutic applications in different diseases, \[[@pone.0135737.ref006],[@pone.0135737.ref007]\] chemically engineered anti-miRNAs, miRNA mimics and their delivery strategies are currently under intensive investigation in animal studies and human efficacy trials \[[@pone.0135737.ref036]\]. A recent study has shown that treatment with miR-141 was effective in reducing intestinal inflammation in the mouse model of colitis \[[@pone.0135737.ref026]\]. As miRNAs are detectable in the circulation, miRNA-based diagnostics have also been explored, and to date much work has been performed on detecting and monitoring organ injury \[[@pone.0135737.ref037]\]. Our results have revealed coordinated dysregulatory networks and potential roles of the miRNA inhibitory mechanism in NEC and SIP. If proven effective at multiple hierarchies of the inflammatory cascade, specific miRNAs such as miR-31, miR-203 or miR-194-3p, could be developed for treatment to dampen the exaggerated immunologic response that contributes to the pathophysiology of NEC. Alternatively, specific miRNAs such as miR-146b-3p and miR-451 could be utilized to enhance intestinal muscular function in NEC and SIP. Importantly, miRNAs released from gut tissues to the circulation or gut lumen could also be used as disease-specific or organ-specific biomarkers for early diagnosis and prediction of outcomes for NEC, SIP and intestinal injury.
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